In this study, we attempted to reveal fundamental aspects of starfish embryogenesis, particularly embryonic axis specification or determination, in Patiria pectinifera. We first cloned PpNodal, which is known to play an important role in the specification of the embryonic axis in a wide range of animals, and studied its expression profile. PpNodal expression was first detected at the mid-blastula stage and showed a single peak around the onset of gastrulation. These features of Nodal expression were shifted to later stages by several hours, compared with those of sea urchin embryos. After the gastrulation started, the expression level became gradually lowered up to the early bipinnaria stage, while the expression level became drastically lowered in sea urchin embryos during gastrulation. The localized Nodal expression in the presumptive oral region was not observed in starfish embryos, unlike in sea urchin embryos. Furthermore, SB431542, an inhibitor of Nodal receptor, did not affect the formation of the DV axis, although it caused the loss of left-right asymmetry. In contrast to this, SB525334, a specific inhibitor of TGF-beta receptor, caused the complete loss of the DV axis. Thus, the usage of signaling molecules during early embryogenesis likely varies among echinoderm classes.
Introduction
The diversification process of echinoderms, which are currently classified into six classes, is an intriguing subject. Studies of this process would improve our understanding of the origin of chordates, which are thought to have evolved from echinoderms (Raff 2009; Satoh 2016 ). An effective approach used to study this subject is to examine differences in early embryogenesis across echinoderm classes. Overall, the elucidation of the mechanism by which embryonic axes are established and how fundamental tissues are specified is a high priority.
Most Bilateralia embryos have three distinct embryonic axes: the anterior-posterior (AP) axis, the dorsalventral (DV) axis, and the left-right (LR) axis. The AP axis is called the animal-vegetal (AV) axis in echinoderm embryos. In many cases, the AP or AV axis is established by elements present in the oocyte. The DV and LR axes are specified through events occurring after fertilization or through cell-cell interactions during early embryogenesis.
In the Xenopus embryo, Nodal-related factors (Xnrs) secreted from the Nieuwkoop center form a gradient in the marginal zone from the future dorsal side toward the ventral side (Takahashi et al. 2000) . This Xnr gradient inhibits the activity of bone morphogenetic protein (BMP) and forms an opposing BMP gradient (De Robertis & Kuroda 2004; Haramoto et al. 2004) . The mesoderm patterned by this Nodal-BMP signaling system leads to the formation of the DV axis through gastrulation (Dale et al. 1992; Jones et al. 1996; Hansen et al. 1997; Haramoto et al. 2004 ). The ectoderm is consequently patterned via so-called induction from the underlying mesoderm. For the LR axis, Xnr-1, an Xnr, plays an important role during the early tail-bud stage. The Xnr-1 gene is expressed in the left lateral side and specifies the LR asymmetry of the heart and gut (Sampath et al. 1997; Toyoizumi et al. 2005) .
Among echinoderm classes, the development of sea urchin embryos has been intensively studied, and molecular aspects of axis formation or tissue patterning have been clarified. A signaling system similar to that in amphibian embryos operates in the axis formation or tissue patterning processes in sea urchin embryos. The stages when Nodal is expressed are divided into two phases (Duboc et al. 2005) . The early signal of Nodal expression is observed in the prospective oral opening (ventral side) as early as the 60-cell stage (Duboc et al. 2004; Flowers et al. 2004) . At this stage, Nodal expression upregulates the expression of Bmp2/4 in the same region. The spatial relation between Nodal and Bmp2/4 expression is maintained until the DV axis is first observed in the external morphology (the late gastrula stage; Duboc et al. 2004; Lapraz et al. 2006) . Disturbance of this earlier Nodal expression leads to the loss of the DV axis, as embryos become completely radialized along the AV axis (Coffman et al. 2004; Duboc et al. 2004) . In addition, this earlier expression is also involved in the specification of secondary mesenchyme cells (SMCs; Duboc et al. 2010; Ohguro et al. 2011) . Beginning at the late gastrula stage, Nodal begins to be expressed locally at the archenteron tip and in part of the ectoderm on the right side (Duboc et al. 2005; Lapraz et al. 2006; Piacentino et al. 2015) . Notably, unlike in chordate embryos, Nodal is expressed on the right side in sea urchin embryos. Inhibition of the signal induced by this later expression results in the loss of LR asymmetry: the echinus rudiment, which arises on the left side of the stomach during normal development, is formed on both sides of the stomach (Duboc et al. 2005) .
When and how are embryonic axes or fundamental tissues specified in starfish embryos? The available information on starfish embryogenesis is limited since starfish embryos may have attracted less attention of researchers than sea urchin embryos. However, the starfish embryo has several fascinating features as an experimental model. Starfish embryos show a substantial ability to regulate morphogenesis. For example, the two embryo fragments obtained by bisection along the AV axis at the gastrula stage still develop into complete larvae, regenerating the deleted counterpart (H€ orstadius 1973) . Vickery & McClintock (1998) divided the bipinnariae into the anterior and posterior parts at a much later stage (several days after the initiation of feeding). Surprisingly, the anterior fragment, which contains only ectoderm cells, restores the endo-mesoderm and exhibits a morphology similar to that of control larvae. In starfish embryos, the posterior enterocoel (PE), a type of coelomic pouch, forms on the left side of the stomach at the early bipinnaria stage. In Patiria pectinifera embryos, the PE appears on the third day of development. As development progresses, the PE repeatedly folds and invaginates, resulting in the formation of the adult rudiment. This organ has been used as a marker of LR asymmetry (Fresques et al. 2014) . In sea urchin embryos, the marker for LR asymmetry, the echinus rudiment, first appears in the eight-armed pluteus larva. In ordinary sea urchin species, the fertilized egg requires at least 3 weeks to reach this stage.
Despite the limited available information on early development, several researchers have tried to clarify the genes involved in starfish embryogenesis. Yankura et al. (2010) surveyed the expression patterns of dozens of transcription factors involved in patterning the neurogenic ectoderm in Patiria miniata. In the study by Yankura et al. (2013) , embryos were injected with several morpholinos, and the results showed that foxg played a central role in the formation of ciliary bands. Moreover, foxg expression was regulated by both Nodal and Bmp2/4. Notably, embryos injected with the Nodal morpholino appear to have formed the DV axis (Fig. S7H) . Thus, Nodal might not be involved in DV axis specification, although the inhibitory activity of the injected morpholino might have been lost at some point during development. Fresques et al. (2014) studied the temporal aspects of the expression of germlayer-specific genes, including Nodal and Bmp2/4. According to their report, Nodal is expressed on the right side of the archenteron tip and the ectoderm at the late gastrula stage, as in sea urchin embryos. Thus, Nodal also plays a role in the formation of the LR axis in starfish embryos. However, the detailed mechanisms of axis formation and tissue patterning are largely unknown. Presently, various experimental data must be accumulated to obtain a better understanding of starfish embryogenesis.
Materials and methods

Animals and embryos
The starfish Patiria pectinifera and the sea urchin Hemicentrotus pulcherrimus were collected near Matsuyama City during their breeding seasons (June-July and January-March, respectively) and housed in aquaria supplied with circulating seawater. Testes were excised from both species with forceps and stored dry in a petri dish until use. Excised ovaries were immersed in Millipore-filtered seawater (MFSW) containing 10 À6 mol/L 1-methyladenine to induce the maturation of starfish oocytes (Kanatani 1969) . After germinal vesicle breakdown, maturing oocytes were shed from the ovaries. These oocytes were collected and rinsed with MFSW three times. Oocytes were inseminated with a dilute sperm suspension prior to the formation of the first polar body. The time at which ª 2017 Japanese Society of Developmental Biologists 1-methyladenine was applied was defined as the initiation of development (Kominami & Satoh 1980) . Sea urchin gametes were handled with standard methods. The time at which insemination was performed was defined as the initiation of development. The fertilized starfish and sea urchin eggs and embryos were reared at 20°C and 18°C, respectively, to facilitate the comparison of the temporal aspects of development. Under these culture conditions, developmental time schedules in both species were fairly comparable. Gastrulation, mesenchyme migration, and the formation of coelomic pouches began at 16, 24, and 36 h of development, respectively. MFSW supplemented with antibiotics (Penicillin G potassium, 100 units/mL; Streptomycin Sulfate, 50 lg/mL, Meiji Seika, Tokyo, Japan) was used throughout the experiments.
Separation and bisection of gastrulating embryos
Gastrulating embryos were briefly treated with hypertonic seawater (generated by adding 2.7 g of NaCl to 100 mL of MFSW) to suppress ciliary movement and were transferred to a culture dish containing MFSW. Using a glass needle, embryos were separated at the equator or bisected along the AV axis. Upon separation at the equator, the animal or vegetal embryo fragment did not strictly coincide with the animal or vegetal hemisphere of embryo, since the mono-layered epithelium on the side containing the vegetal pole was continuously convoluted into the blastocoel during gastrulation. Upon bisection along the AV axis, the embryos were radially symmetrical until 24 h. Therefore, the plane of bisection was generated irrespective of the future median plane. After the DV axis became noticeable (26-28 h), embryos were bisected along their median planes. A pair of embryo fragments was transferred into a well of a 96-well plate filled with MFSW. The morphology of separated or bisected embryo fragments was examined at 72 or 58 h, respectively. In one-fifth of fragment pairs, either or both embryo fragments showed some signs of disintegration. These pairs were discarded and excluded from counting in most but not all experiments.
DAPI staining
At 72 h, the larvae were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA) to detect the ciliary bands. The reagent was dissolved in dimethyl sulfoxide (DMSO) as a 10 mg/mL stock. This stock was diluted with phosphate-buffered saline (PBS) to 2 lg/mL before use. Larvae were collected using a hand-centrifuge and fixed with Carnoy's fixative. Before staining, the larvae were rinsed twice with PBS and incubated in the staining solution for 30 min at room temperature. After staining, the larvae were rinsed three times with PBS for 10 min each. The specimens were mounted on a glass slide using glycerol for clarification, and examined under an epifluorescence microscope (BX50-FLA, Olympus, Tokyo, Japan).
Cloning of homologues of PpNodal, PpBmp2/4 and HpNodal For total RNA extraction, embryos were collected and stored in RNAlater (Thermo Fisher Scientific, Waltham, MA, USA) at À20°C until use. Total RNA was extracted using Trizol (Thermo Fisher Scientific). The cDNA templates were synthesized using SuperScript III Reverse Transcriptase (Thermo Fisher Scientific), according to the manufacturer's instructions. The obtained cDNAs were used as a template for RT-PCR. Primers sequences for P. pectinifera Nodal and Bmp2/ 4 (PpNodal and PpBmp2/4) were the same as sequences designed for P. miniata (Fresques et al. 2014) . The primers for P. pectinifera beta-Actin (PpbActin) were reported by Lee et al. (2012) . H. pulcherrimus Nodal (HpNodal) was amplified using the primers designed for Strongylocentrotus purpuratus Nodal (Coffman et al. 2014) . The H. pulcherrimus beta-Actin (HpbActin) sequence was amplified using primers designed based on a published beta-Actin sequence from Mesocentrotus nudus (KU143835.1).
The amplified fragments were electrophoresed in a 0.7% agarose gel with ethidium bromide. Bands were excised with a scalpel. The target cDNAs were extracted from gels using the Wizard SV Gel and PCR Clean-up System (Promega, Madison, WI, USA). The extracted fragments were inserted into the pGEM-T Easy vector using the pGEM-T Easy Vector System I with DH5a (Promega). Competent cells (Escherichia coli DH5a) were transformed with this vector using the heat shock method. PCR products were sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific). PpNodal, PpBmp2/4, HpbActin, and HpNodal sequences appear in the DNA Data Bank of Japan (DDBJ), European Molecular Biology Laboratory (EMBL) and GenBank nucleotide sequence databases under accession numbers LC260143, LC260144, LC260145, and LC260146, respectively.
Semi-quantitative PCR (sqPCR) analysis
Total RNA was prepared from embryos during early development and was employed for RT-PCR using the PrimeScript One Step RT-PCR Kit Ver.2 (TaKaRa Bio, ª 2017 Japanese Society of Developmental Biologists Shiga, Japan). PCR was conducted in 25 cycles using 1 lg of total RNA and 0.4 lmol/L primer pairs. PCR products were electrophoresed in a 0.7% agarose gel with ethidium bromide. Images of the gels were acquired with an ATTO Printgraph AE-6932GXCF (ATTO, Tokyo, Japan). The brightness of bands in the image was quantified using ImageJ (Rasband, NIH, Bethesda, MD, USA) . The intensity of the amplified Nodal or Bmp2/4 band was calculated as brightness relative to beta-Actin.
Whole mount in situ hybridization (WMISH)
Embryos at the desired stages were collected and fixed with 4% paraformaldehyde in 1 mol/L 3-(N-morpholino) propanesulfonic acid buffer overnight. The fixed embryos were dehydrated with an ethanol series up to 100% and stored in 100% methanol at À20°C until use. Digoxigenin-labeled antisense RNA probes were synthesized from the PpNodal, PpBmp2/4, and HpNodal clones. WMISH was performed according to the protocol described by Shoguchi et al. (2000) . After prehybridization at 50°C for one hour, hybridization was performed at 50°C for one week using 1 lg/lL of riboprobe. After hybridization, samples were washed at the same temperature. Hybridized probes were detected in a 5-bromo-4-chloro-3 0 -indolyphosphate ptoluidine salt/nitro-blue tetrazolium chloride (BCIP/NBT, Moss Inc., Pasadena, MD, USA). Stained specimens were observed under a microscope equipped with Nomarsky differential interference contrast optics. In some cases, images of optical sections were captured every 30 lm.
Treatment with inhibitors
SB431542, an inhibitor of ALK4/5/7 (Sigma-Aldrich; Inman et al. 2002) , and SB525334, a specific inhibitor of ALK5 (Sigma-Aldrich; Laping 1999), were dissolved in DMSO as 10 mmol/L stocks. These stocks were diluted with MFSW to 10 lmol/L immediately before use. Developing embryos were collected using a hand-centrifuge and were suspended in the diluted solution. At the end of the treatment, embryos were rinsed three times with MFSW. Treated embryos were examined at 48 or 72 h.
Results
Separation of gastrulating embryos at the equator
Embryo fragments separated at the equator show some morphological regulation if the DV axis has not been determined at the time of separation. If the DV axis has been determined, the animal half fragment should form only the anterior part of a normal larva. We separated embryos at the equator during gastrulation (20-30 h) and examined the morphology of developed embryo fragments at 72 h to elucidate the timing of DV axis determination (Fig. 1A) .
In so-called bipinnariae (Fig. 1B) , the DV, LR, and AV axes were observed. A large oral opening, a clear marker of the ventral side, formed (arrow). Coelomic pouches (CPs) were positioned at both sides of the esophagus (small arrowheads). A posterior enterocoel (PE), a marker of the LR axis, formed on the left-lateral side of the stomach (large arrowhead). Thickening of ciliary bands was distinguishable, particularly in the lateral parts (broken brackets). When these larvae were stained with DAPI, two ciliary bands were clearly recognized (Fig. 1C) . One band encircles the anterior-ventral part (pre-oral ciliary band; thick bracket) and the other encircles the posterior-dorsal side (post-oral ciliary band; thin bracket).
First, we examined the morphology exhibited by the separated animal fragments. If embryos were separated at 20 h, animal fragments did not show any sign of morphogenesis and formed the dauer blastula-like structure (double arrows in Fig. 1D ). In contrast, in embryos separated at 28 h, animal fragments formed the anterior half of a bipinnaria (on the right side of Fig. 1F ). The ciliary band formed in the fragment was similar to the pre-oral ciliary band in control embryos (thick bracket in Fig. 1G ). The oral opening was also observed in these animal fragments (arrows in Fig. 1F ,G).
We categorized these animal fragments into three types according to their morphologies: "spherical (hashed bar)", "dauer blastula-like (dotted bar)", and "with a pre-oral ciliary band (blank bar)". Figure 2A shows the frequencies of these three types observed at each time of separation. If isolated at 20 or 22 h, most animal fragments remained spherical or showed a dauer blastula-like structure. When isolated at 24 h, the three types were observed at a similar frequency. Notably, more than 60% of animal fragments formed only the pre-oral ciliary band when embryos were separated at 26 h or later.
Next, we examined the morphology of vegetal fragments. When embryos were separated by 20 h, the vegetal fragments developed into almost morphologically normal larvae (right panel of Fig. 1D ). Two ciliary bands formed, as in control embryos (Fig. 1E ). If embryos were separated at 28 h, the vegetal fragments developed into larvae that completely lacked the anterior part (left panels of Fig. 1F ,G). Only the post-oral ciliary band was observed (thin bracket in Fig. 1G ). Regardless of the timing of the separation, ª 2017 Japanese Society of Developmental Biologists the vegetal fragments formed a well-patterned tripartite digestive tract (esophagus, stomach and intestine).
As with the animal fragments, the developed vegetal fragments were categorized into three types according to their morphologies: "disintegrated (hashed bar)", "almost morphologically normal (dotted bar)", and "lacking the anterior part (blank bar)" (Fig. 2B) . If isolated before 24 h, most vegetal fragments developed into morphologically normal larvae. When bisected after 26 h, however, more than 60% of the vegetal fragments developed into larvae lacking the anterior ectoderm.
The time at which a certain cell or tissue is determined is defined as the time when the developmental fates are no longer altered even if the cell or tissue is excised from the embryo proper (Wolpert et al. 2015) . According to this definition, the DV axis is determined by 26 h.
Bisection of gastrulating embryos along the AV axis
As stated in the Introduction, starfish embryo fragments bisected at the gastrula stage develop into dwarf but morphologically normal larvae (H€ orstadius 1973) . However, the precise timing of bisection is not described in the text. If embryos are bisected along the AV axis before the DV axis becomes noticeable, we can determine when the DV axis is restored. If the embryos are bisected at the median plane after the DV axis is determined, the time at which the LR axis is determined can be identified. Gastrulating embryos (20-30 h) were bisected along the AV axis to know the time at which this regulatory activity is retained and when the LR axis is determined (Fig. 3A) .
The morphology of resulting embryo fragments was examined at 58 h. At this stage, the PE was already observed on the left side of the stomach (arrowhead). In this study, we observed another feature of LR asymmetry, i.e., the left CP is larger than the right CP (asterisk). Quantitative data for this feature will be presented in a subsequent section (Fig. 9A) .
When embryos were bisected at 20 h, both embryo fragments (half embryos) developed into dwarf but morphologically normal larvae (compare Fig. 3C with B). In both half embryos, the PE formed on the left side of the stomach (arrowheads). The left CP was larger than the right CP (asterisks). If the timing of ª 2017 Japanese Society of Developmental Biologists bisection was shifted to 26 h, the thickened ciliary band was not observed on the left side of the half embryo, as shown in Figure 3D (bracket). In this half embryo, the PE formed on the left side of the stomach, as in normal embryos (arrowhead). However, the right CP was somewhat larger than the left CP (asterisk). Thus, the LR asymmetry was somewhat disturbed. The other half embryo showed almost normal features along the LR axis, although the thickening of the ciliary band was not as conspicuous on the cut side. When embryos were bisected at 30 h, neither half embryo displayed a normal morphology (Fig. 3E) : the ciliary band was not thickened on either side of the embryos (brackets). The bisected half embryos formed smaller CPs on the cut side (opposite side to asterisks). Regardless of the timing of bisection, one PE formed on the left side of the stomach (arrowheads in Fig. 3C-E) .
Pairs of half embryos were categorized into three types. Type 1: both showed normal morphologies (Fig. 3C , blank bar). Type 2: one of the bisected embryos did not develop the complete ciliary band (Fig. 3D, dotted bar) . Type 3: both showed morphological abnormalities on the cut side (Fig. 3E, hashed  bar) . Figure 3F shows the frequencies of the three types of pairs observed at each time of bisection. If bisected at 20 or 22 h, 60%-70% of pairs were categorized as Type 1. Notably, the plane of bisection was irrelevant to the future median plane in those embryos. Based on these results, the DV axis is not yet determined at 22 h. When bisected at 24 or 26 h, three types of half embryo pairs were observed at similar frequencies. Notably, Type 1 pairs were rarely observed when embryos were bisected at 28 h or later; 60%-80% of pairs developed into Type 3 embryos. In Type 3 embryo pairs, the CP was also formed at the cut side, although it was smaller in size. Thus, the specification process of the LR axis begins near this stage. On the other hand, the PE always formed on the left side near the stomach in both half embryos (Fig. 3D,  E) . The specification of the site at which the PE forms might span somewhat later stages than the CP site.
Change in the level of Nodal expression in starfish and sea urchin embryos
The correlation between the timing of DV or LR axis determination and Nodal expression is an intriguing topic. Therefore, we cloned PpNodal. The cloned PpNodal fragments showed a 97% identity in nucleotide sequence with P. miniata Nodal. Figure 4A shows the RT-PCR results. The expression levels of PpNodal in these photographs were quantified as described in the Materials and Methods section (Fig. 4B) . A significant increase in the amount of the PpNodal mRNA was first detected at the mid-blastula stage (10 h), when the embryos had completed 10 rounds of cleavage. The expression level rapidly increased and peaked at the onset of gastrulation (16 h). Then, the level gradually decreased until the initiation of CP formation (36 h). At the early bipinnaria stage (48 h), faint expression was detected.
Hemicentrotus pulcherrimus Nodal was also cloned. The obtained HpNodal fragments showed 93% identity in nucleotide sequence with S. purpuratus Nodal. A significant increase in the amount of HpNodal mRNA was first detected at the 60-cell stage (5 h; Fig. 4C,D) . The expression level rapidly increased and peaked at ª 2017 Japanese Society of Developmental Biologists the mid-blastula stage (8 h). The mRNA level decreased drastically when the embryos initiated rotation into the fertilization envelope (10 h). Soon after this stage, the mRNA level exhibited another peak at the hatching stage (12 h). Then, the expression level decreased again until the onset of gastrulation (16 h). Throughout the gastrulation processes, the amount of HpNodal mRNA was maintained at a considerably lower level (20-32 h). The expression level was slightly elevated at the time at which CP formation was initiated (36 h). This elevation was transient, and the HpNodal mRNA became undetectable by the pluteus stage (48 h). Changes in the expression level of Nodal differed considerably between starfish and sea urchin embryos. Generally, the curve is shifted to earlier stages in sea urchin embryos.
Spatial expression pattern of Nodal in the starfish embryo
The spatial expression pattern of PpNodal was examined with WMISH. At the late blastula stage (12 h), PpNodal mRNA was expressed at low levels throughout the blastula wall (Fig. 5A) . At the initiation of gastrulation (16 h), Nodal expression was observed in a belt near the equator (Fig. 5B) . In many cases, one or two regions with high expression levels were observed in this belt (large and small asterisks in Fig. 5B,C) . At this stage, the PpNodal mRNA was not detected in the archenteron (Fig. 5C) . A significant signal was not observed in embryos hybridized with the sense probe (Fig. 5D) . From 20 to 24 h, the signal was observed in part of the ectoderm near the equator (Fig. 5E-G) . From 28 to 42 h, the signal was observed in some parts of the ectoderm (asterisks in Fig. 5H-K) . The detailed spatial expression pattern in the ectoderm will be described in a subsequent section (Fig. 6) .
From the mid-gastrula stage (20 h), expression was also detected in the archenteron (Fig. 5E,F , compare Fig. 5F with C) . At 24 h, expression was observed in the upper half of the archenteron (the region of the presumptive CP and esophagus; Fig. 5G ). From the mid-to-late gastrula stage (28 h) onward, PpNodal expression began to disappear from the presumptive CP region (the top of the archenteron) and became ª 2017 Japanese Society of Developmental Biologists restricted to the presumptive esophagus and stomach region on the right side (arrows in Fig. 5H,I ). After CP formation began (36 h), the signal became restricted to the anterior stomach region on the right side (arrows in Fig. 5J,K) . When embryos developed into early bipinnariae (48 h), the rudiment of the CP separated into two groups and became positioned at both sides of the esophagus (Fig. 5L) . At this stage, the localized expression of PpNodal was not detected in the ectoderm or in the endo-mesoderm.
To compare the Nodal expression patterns between starfish and sea urchin embryos, WMISH was also performed in H. pulcherrimus embryos. At 12 h (soon after hatching), HpNodal was locally expressed in the presumptive oral ectoderm (asterisk in Fig. 5M ). This localized expression is limited to one-third of the circle (the inset in Fig. 5M) . At 24 h, HpNodal mRNA was detected in the whole oral ectoderm (asterisk in Fig. 5N , left side in the inset). The signal was also observed in the presumptive ciliary band (arrowheads in Fig. 5N) . At 32 h, Nodal expression was restricted to the right-lateral and right-oral ectoderm (asterisks in Fig. 5O,P) .
Detailed observation of Nodal expression in late gastrulae
We carefully examined embryos from 28 h (mid-to-late gastrula stage) to 36 h (late gastrula stage) to determine whether Nodal is expressed in the prospective ventral side of the ectoderm. In P. pectinifera embryos, the DV axis becomes noticeable by the bending of the archenteron toward the future oral opening from the mid-to-late gastrula stage (28 h). This feature enabled us to identify the precise region of PpNodal expression. Figure 6A shows a series of optical sections (every 30 lm) of a mid-to-late gastrula stage embryo (32 h). From this series, a population of Nodal-expressing cells was clearly localized to the right-lateral part of the ectoderm (delineated with broken lines). These Nodal-expressing cells were not observed in the ventral or dorsal ectoderm. The absence of Nodal-expressing cells on the dorsal or ventral side was also confirmed by rotating the specimen under a microscope.
In a figure plate presented in the former section ( Fig. 5H-K, ventral views) , we intentionally chose embryos in which Nodal expression was localized on the right side. However, the expression pattern in the ectoderm was variable. The in situ images shown in Figure 6B -G are the ventral views of embryos at 28 (B and E), 32 (C and F), and 36 h (D and G). In almost all embryos, PpNodal was expressed in the ectoderm at the lateral parts near the equator. In the embryo shown in Figure 6B -D, PpNodal was only expressed on the left side (indicated by an asterisk). In contrast, Nodal expression was observed at almost the same intensity on both left and right sides in the embryo shown in Figure 6E -G. These expression patterns were categorized into four types (for this categorization, see the detailed information in the legend for Fig. 7) . At 28 h, the PpNodal mRNA randomly appeared on the right, left or both sides. From 32 h onward, the proportion of embryos in which PpNodal ª 2017 Japanese Society of Developmental Biologists expression was observed only on the right side gradually increased. In most embryos, the expression was restricted to the right side at 42 h, when the thickening of ciliary bands begins.
Morphology of larvae treated with SB431542
The in situ images of embryos at 28-36 h raised the possibility that the region of Nodal expression is not related to the future ventral region. We employed SB431542, an inhibitor of ALK4/5/7 (Inman et al. 2002) that preferentially blocks the Nodal signaling pathway (Duboc et al. 2005; Ohguro et al. 2011; Piacentino et al. 2015) , to determine whether Nodal is involved in specifying the DV axis. In H. pulcherrimus embryos, this inhibitor exerts its radializing effect at concentrations less than 2.5 lmol/ L (Ohguro et al. 2011) . In P. pectinifera embryos, this low concentration of the inhibitor did not affect embryo morphology (data not shown). Therefore, we applied this inhibitor at higher concentrations. However, most of the embryos that were continuously treated with the inhibitor (10 lmol/L) from the initiation of development had disintegrated. Then, we treated embryos for limited periods. If the treated embryos were returned to normal seawater at 24 h, they showed signs of morphogenesis along the AV axis (Fig. 8A) . Some of the treated embryos were radially symmetrical. However, these morphologies might have been caused by nonspecific toxicity of the inhibitor rather than the inhibition of Nodal signaling, since degenerated tissues or cells (probably destined to endo-mesoderm) accumulated on the vegetal side.
If treatment was initiated beginning at 8 h of development, the treated embryos developed without damage (Fig. 8C) . As in control larvae (Fig. 8B) , almost all organs and tissues were formed in treated larvae. Notably, two PEs formed on both the left and right sides of the stomach (arrowheads in Fig. 8C) . Thus, the treatment with SB431542 causes the loss of LR ª 2017 Japanese Society of Developmental Biologists asymmetry, whereas the inhibitor does not affect the specification of the DV axis. Without restoration in normal seawater, the treated embryos developed into larvae with withered tissues, even if the treatment was initiated at 8 h. Figure 8D ,E shows the ventral and lateral views of these larva, respectively. Interestingly, the DV axis was clearly recognizable, even in those larvae. The morphology of these larvae is highly similar to that of the larvae injected with the Nodal morpholino (see fig. S7H in Yankura et al. 2013) .
By 72 h, the division of CPs was complete. In the control larva shown in Figure 8F , the left CP is larger than the right CP (asterisk in Fig. 8F 0 ). In the larva treated with SB431542 from 8 to 32 h, the right CP seemed to be larger than the left CP (asterisk in Fig. 8G 0 ). We measured the area occupied by each CP using ImageJ and statistically analyzed the data to verify the difference (Fig. 9A) . In control larvae, the left CP is significantly larger than the right CP (Student's ttest, P < 0.001). This difference was not significant in larvae treated with SB431542 (P > 0.05). Furthermore, Fig. 7 . Change in the appearance frequencies of the PpNodal expression pattern in the ectoderm. Abscissa: sampling times. Ordinate: frequencies of embryos in which PpNodal expression was observed on the right-lateral side (blank), left-lateral side (dotted), and both lateral sides (hashed). In a small portion of embryos, the localized expression was not recognized (black). Numbers of embryos examined are listed in parentheses. ª 2017 Japanese Society of Developmental Biologists the PE was formed on both sides of the stomach (arrowheads in Fig. 8G″ ). Thus, the SB431542 treatment blocks the establishment of LR asymmetry. As shown in Figure 9B , the total sizes of coelomic pouches increased significantly if embryos were treated with SB431542 (P < 0.01). This suggests that Nodal suppresses to some extent the specification or differentiation of coelomic pouch cells.
Morphology of larvae treated with SB525334
In addition to Nodal, other signaling molecules belonging to the transforming growth factor-beta superfamily are also involved in DV axis specification in sea urchin embryos (Duboc et al. 2004; Flowers et al. 2004; Lapraz et al. 2006; Piacentino et al. 2015) . To examine the involvement of these signaling molecules, embryos were treated with SB525334, a specific inhibitor of the TGF-beta type 1 receptor ALK5 (Laping 1999) . The morphology of the larvae that developed from embryos that had been treated with this inhibitor from the beginning of development was distinctly different from that of control larvae (compare Fig. 10B with A) . The stomodeum (oral opening) was not observed. The segmentation of the gut rudiment was not clear (expansion of the stomach region was rarely discernible). The rudiment of coelomic pouches remained on the top of the gut rudiment. A typical PE did not form. Instead, multiple PEs formed on the gut rudiment at one-third of the length from the bottom (encircled with an ellipse in Fig. 10B ). Marked thickening of the ciliary band was not noticed. Thus, the DV and LR axes were completely abolished. Figure 10B shows the first demonstration of completely radialized starfish embryos. This figure suggests that PE precursor cells are distributed in a narrow range at the mid-level of the stomach.
When treatment was initiated at 16 h, the DV axis was clearly observed in the resulting larvae (Fig. 10C) .
The digestive tract bent toward the ventral side. However, the stomodeum did not form. The rudiment of CPs remained as a mass on the top of the gut rudiment. Notably, two PEs were observed at the bending position of the digestive tract in this embryo (arrowheads in Fig. 10C ), whereas the number and position of the PEs varied among embryos. Conspicuous thickening of the ciliary bands was not observed. The effects of the inhibitor on embryos treated beginning at 24 h were not readily discernible (Fig. 10D) .
Treated embryos were categorized into three types according their morphologies: "almost normal (Fig. 10D , blank bar)", "bilaterally symmetrical (Fig. 10C , dotted bar)", and "completely radialized (Fig. 10B, hashed  bar) ". Figure 10E shows the frequencies of these three types of embryos. When the treatment was initiated before 12 h, most of treated embryos became radialized. With the delay of the initiation of inhibitor treatment, the frequency of this type gradually decreased. Approximately 55%-65% of embryos developed into bilaterally symmetrical larvae or almost morphologically normal larvae when the treatment was started at 16 or 20 h. If the embryos were treated from 24 h onward, almost all embryos developed into morphologically normal larvae. Thus, TGF-beta-like molecule(s) other than Nodal play(s) an important role in the specification of the DV axis. Moreover, the specification process starts earlier than 16 h (the onset of gastrulation) and continues to 24 h (the mid-gastrula stage).
Bmp2/4 expression during early development
We have also cloned PpBmp2/4 to obtain some information on the relationship between Nodal and BMP. The cloned fragments showed 100% identity in The difference in size between the right and left CPs was statistically significant (Student's t-test, P < 0.001). Note that the difference between left and right CPs was not observed in SB431542-treated larvae. *: The difference in total volume between the CPs was statistically significant (P < 0.01).
ª 2017 Japanese Society of Developmental Biologists nucleotide sequence with P. miniata Bmp2/4. Figure 11A shows the RT-PCR results. The expression levels of PpBmp2/4 were quantified from this figure (Fig. 11B) . PpBmp2/4 began to be expressed at the mid-blastula stage (10 h). The expression level gradually increased and peaked at the early gastrula stage (18 h). The expression level decreased during the midgastrula stage (20 h) and was again elevated up to the ª 2017 Japanese Society of Developmental Biologists mid-to-late gastrula stage (32 h). After the formation of CPs began, the expression level decreased. At 48 h, PpBmp2/4 was expressed at slightly higher levels than the background. Figure 11C ,D shows in situ images of an early gastrulas stage embryo (18 h). An intense signal was observed in part of the equator (asterisk in Fig. 11C) . From the top view of the same embryo, the region expressing this mRNA is limited to one-third of the embryo (asterisk in Fig. 11D ), although we cannot determine whether this region is dorsal or ventral at this stage. This localization gradually became obscured as development progressed. At the mid-to-late gastrula stage (32 h), the localized expression of PpBmp2/4 was not detected (Fig. 11E,F) .
Discussion
In this study, we first succeeded in cloning PpNodal and PpBmp2/4. Both genes were expressed soon after bastomeres came in close contact (Figs 4A,B and 11A,B; Dan-sohkawa & Satoh 1978; Masui et al. 2002) . The levels of the PpNodal and PpBmp2/4 mRNAs peaked at 16 and 18 h, respectively, (Figs 4A, B and 11A, B) . Since the DV axis becomes noticeable from the external morphology at 26-28 h, Nodal-BMP2/4 signaling may also be involved in specifying the DV axis in starfish embryos. However, inhibitor treatments suggested that TGF-beta, but not Nodal, plays an important role in DV axis specification G and 10B) . Furthermore, pulse treatment with inhibitors suggested that the specification process starts earlier than 16 h and continues to 24 h (Fig. 10E) . Based on the results of the separation experiment, the DV axis of P. pectinifera embryos is determined by 26 h of development (Fig. 2) . Thus, the specification process of the DV axis occurs just before its determination.
In sea urchin embryos, the ectoderm is patterned independently of endo-mesoderm tissues as early as the 32-or 60-cell stage (H€ orstadius 1973; Kominami et al. 2006; Sasaki & Kominami 2008) . According to the results of the bisection experiment, the patterning of the ectoderm along the LR axis (specification of the sites at which ciliary bands form) starts soon after the DV axis is established (Fig. 3F) . Both Nodal and BMP2/4 play roles in this ectoderm patterning process, since these genes were expressed at considerably high levels (Figs 4A,B and 11A,B; Yankura et al. 2013) . Compared with the ectoderm, the mesoderm seems to be patterned at somewhat later stages. Regarding CPs, the specification process starts at approximately 28 h (Fig. 3F ) and ends at 36 h, when its rudiment begins to divide into two. During this stage, PpNodal expression was maintained at a moderate level (Fig. 4A,B) , whereas PpBmp2/4 expression showed a broad peak (Fig. 11A,B) . Thus, both Nodal and BMP2/4 may participate in mesoderm patterning. This hypothesis is supported by the observation that treatment with SB431542 between 8 and 32 h causes the loss of LR asymmetry at the site at which the PE forms (Fig. 8C,G) and reduces the size of CPs (Fig. 9) .
In sea urchin embryos, Nodal begins to be expressed in the prospective oral region at the 60-cell stage (Duboc et al. 2004; Flowers et al. 2004; Lapraz et al. 2006) . The expression site does not change until the mid-gastrula stage. At this stage, Nodal is expressed throughout the ventral ectoderm in embryos ( Fig. 5M,N ; Duboc et al. 2004; Flowers et al. 2004 ). These observations have confirmed that Nodal plays a central role in the specification of the DV axis. However, data on the change in the level of Nodal mRNA are fragmented. Continuous monitoring of the expression of the Nodal mRNA showed two peaks at 8 and 12 h of development. The former and latter peaks coincide with the stages when "early" and "late" groups of SMCs are specified, respectively (Ohguro et al. 2011) . Among these stages, the second peak seems to be deeply involved in the specification of the DV axis, based on its timing (Coffman et al. 2014) . In fact, embryos that were treated with SB431542 at this stage do not develop the DV axis and become completely radialized (Ohguro et al. 2011) . Limited in situ images of Nodal expression in starfish embryos are available. In this study, we observed the expression pattern of Nodal in P. pectinifera embryos sampled at short intervals. The in situ images from the gastrula stage starfish embryo (Fig. 5B ,E and G) are somewhat similar to those of sea urchin embryos. However, the expression region is limited to narrow parts near the equator. In addition, the Nodal-expressing region might be "lateral" from the beginning (Figs 6 and 7) . Thus, the spatial expression pattern does not support the hypothesis that Nodal is involved in the specification of the DV axis.
After embryos reach the late gastrula stage, the Nodal-expressing region moves to the right-ventral side in sea urchin embryos ( Fig. 5O,P ; Duboc et al. 2005; Lapraz et al. 2006) . Nodal expression is also observed in the right CP. The in situ images of starfish embryos obtained at this stage were somewhat different from reported images of sea urchin embryos. Nodal expression in the right CP is not observed in starfish embryos (Figs 5H-K and 6). Instead, the Nodal expression signal was observed in the anterior part of the prospective stomach region on the right side. During the formation of CPs, Nodal seems to inhibit the ª 2017 Japanese Society of Developmental Biologists migratory activity of CP precursor cells, leading to a difference in the sizes of the left and right CPs. Additionally, Nodal acts as a negative chemo-attractant for PE precursor cells, resulting in the formation of the PE on the left side. In fact, the LR asymmetry was abolished in embryos treated with SB431542 (Figs 8C,G and 9). The difference in spatial expression of Nodal in the endo-mesoderm between sea urchin and starfish embryos may be due to the presence or absence of the PE.
Like Nodal, Bmp2/4 are expressed on the ventral side at the early gastrula stage in sea urchin embryos (Lapraz et al. 2006) . This spatial expression pattern is maintained up to at least the late gastrula stage. In P. pectinifera embryos, Bmp2/4 are expressed in a restricted region of the ectoderm near the equator at the stage when the first peak is detected (Fig. 11A-D) . This localized expression of Bmp2/4 gradually disappeared during gastrulation (Fig. 11E,F) . Therefore, we could not determine whether the localized expression site is in the ventral region. The site of Bmp2/4 expression may not be related to the DV axis. Notably, the DV axis is recognized in embryos injected with Bmp2/ 4 morpholinos ( Fig. 3J in Yankura et al. 2013) . In the sea urchin embryo, a single ciliary band demarcates the boundary between the oral (ventral) and the aboral (dorsal) ectoderm. Both Nodal and Bmp2/4 are expressed throughout the presumptive oral region. The ciliary band is formed at the boundary between regions that express and do not express these genes (Duboc et al. 2004 ). In the starfish embryo, two ciliary bands exhibit a complex formation process with respect to the AV and DV axes and do not necessarily demarcate the boundary between the ventral and dorsal ectoderm. This finding may explain why Bmp2/4 are expressed homogeneously during the late gastrula stage when BMP2/4 play a key role in the ciliary band formation (Yankura et al. 2013) .
As described in the Results section, SB4315424 and SB525334 are specific inhibitors for ALK4/5/7 and ALK5, respectively (Laping 1999; Inman et al. 2002) . In sea urchin embryos, Alk4/5/7 is a single copy gene (Lapraz et al. 2006) . Therefore, these two inhibitors would similarly affect the same signaling pathway, hence causing similar morphological changes, as observed in embryos of the sea urchin Anthocidaris crassispina (data not shown). In contrast, starfish embryos treated with each type of inhibitor showed different morphological changes (Figs 8 and 10 ). Furthermore, the effective periods differed for these two inhibitors. Therefore, several types of ALK genes might be expressed in starfishes.
In the study of the starfish P. miniata by Yankura et al. (2013) , the expression patterns of foxa and foxg were altered in the Nodal morphants, and the formation of the DV axis was disturbed (Figs 3F and S7E-H in Yankura et al. 2013) . Therefore, Nodal is likely involved in the specification and determination of the DV axis. In fact, the pattern of ciliary bands is severely affected ( fig. S7F-H in Yankura et al. 2013) . However, a considerable number of genes participate in the formation of the DV axis. Based on the alterations in the expression patterns of some genes, we cannot conclude that all processes of DV axis formation are abolished. The authors concluded that foxa and foxg are primarily involved in the formation of ciliary bands (Yankura et al. 2013) . The authors' principal interest in these genes is not DV axis specification but the gene network regulating ciliary band formation. Here, we must note that the left and right coelomic pouches were formed on both sides of the esophagus, indicating that the DV axis had been established ( fig. S7H in Yankura et al. 2013) .
The rate of growth is considerably different between P. pectinifera and P. miniata embryos. At 24 h of development, P. pectinifera embryos have already developed to the mid-gastrula stage, whereas P. miniata embryos are still in the blastula stage. These differences may result from species-specific differences and the difference in rearing temperatures. Thus, an accurate comparison of in situ images for Nodal and Bmp2/4 expression is not possible. Nonetheless, the spatial expression patterns of Nodal and Bmp2/4 in both species are similar (for Nodal, compare fig. S7B in Yankura et al. 2013) . Based on the available photographs, the external morphology and spotted pattern of adult P. miniata are highly similar to those of P. pectinifera. The cloned Nodal and Bmp2/4 fragments in these two species show extremely high similarities in nucleotide sequence. Accordingly, the role of Nodal is the same; hence, Nodal is not involved in the specification of the DV axis in either species. In this study, the expression pattern of PpNodal was monitored at short intervals ( Figs 4A,B and 5) . Thus, we hypothesized that the roles of Nodal in the specification and determination of the DV axis are different from its previously considered roles.
Coelomic pouches are involved in the regulation of turgor pressure (Hara et al. 2003) . From the posterior end of the left CP, the hydropore elongates and opens to the dorsal ectoderm. The CP takes external water into the blastocoel through the hydropore. After embryos reach the bipinnaria stage, the turgor pressure is maintained at a slightly higher level, causing the expansion of the ectoderm (increase in the size of larva). Quantification of the size of CPs revealed that ª 2017 Japanese Society of Developmental Biologists the left CP is larger than the right CP (Fig 9A) . In this study, this feature was used as a marker of LR asymmetry in addition to the site at which the PE formed. These tissues or organs are formed within 3 days. Thus, the starfish embryo is an excellent model for the study of the specification or establishment of the LR axis. We believe that the detailed mechanisms of axis formation can be revealed using starfish embryos.
